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1− dS
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limN→+∞P = limN→+∞
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(
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p(F ) = 1− exp
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−dS
2
ln
(
F
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w20
w2(z)
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−2 r
2
w2(z)
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e =
1µm
❼
d = 0.2/µm3 ✘ e = 100µm
❼
d = 0.002/µm3 ✘
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❼
λ = 1064nm
✞✠❫❭❴ ☞ ✟❙✯ ✕✷q❢❝ ✕Ù➘ ✟❖❛
❅
❬✭●■❍❉◗❖➳✌❏✌③■❘■❍❉▲➽③■▲✪◆P▲✌❑✿◆④▲✤◆✦③■▲➺③■❏✤◆P▲✌➳✤◆P❱❲◗❙▼✉③■▲➽➳✌❯➵❬➪❳❖❘❭❬❪②❙▲➺③❭❬❪▼■❑✠③■▲✌❑✦❯❲❱❲❳❖❘■❱❲③■▲✌❑✹❬✭❏✤◆P❏➺③■❏
✼
➳✌❍❉❱♥◆P▲✦③❭❬❪▼■❑⑩❯➵❬➽●❭❬❪❍✿◆P❱❲▲
✦❞➷
❅
❬✗➳✌◗❙❘■❍❉❚✇▲✪③■▲✪❑❉▲✌❘■❱❲❯❇③■▲✍❯
❺
▲Ü❬❪❘
⑤✹✸✰❼
❬❪❱❲▼■❑❉❱❇❳❖❘■▲✪❯
❺
❬ ✒✿❘■❑✿◆P▲✌❨✗▲✌▼❩◆✹③■▲✌❑✹●❢◗❙❱❲▼❩◆P❑⑩▲✼✿❃●❢❏✌❍❉❱❲❨✗▲✌▼❩◆✰❬❪❘❀✿
●❭❬❪❍①❯❲▲✦❨✗◗❞③■➼✌❯❲▲✦▲✤❑❉◆✽❍❉▲✌●■❍❉❏✌❑❉▲✌▼❩◆P❏✌▲✪❑❉❘■❍⑩❯➵❬ ✳❭②❙❘■❍❉▲
✩❃➷
✥
✦❞➷
❅
❬①➳✌◗❙❘■❍❉❚✇▲✴③■▲❄❑❉▲✌❘■❱❲❯❙❨✗▲✌❑❉❘■❍❉❏✌▲❄❍❉❏✤➱❩➼✌❯❲▲❄❘■▼④➳✰➚❭❬❪▼■②❙▲✌❨✗▲✌▼❩◆✩③■▲❄●✇▲✌▼❖◆P▲✴❬❪❘❃◆P◗❙❘■❍➨③■▲ 170J/cm2
➷
❷
◗❪◆P◗❙▼■❑✪❳❖❘■▲✭●❢◗❙❘■❍✪◗❙❚❃◆P▲✌▼■❱❲❍✍❘■▼■▲✭❨✗▲✌❑❉❘■❍❉▲✔●■❍❉❏✌➳✌❱❲❑❉▲✭③■▲✔➳✌▲✭➳✰➚❭❬❪▼■②❙▲✌❨✗▲✌▼❩◆➽③■▲✔●❢▲✌▼❩◆P▲
❼
➳✌▲✤◆❉◆P▲
➳✌◗❙❘■❍❉❚❢▲✍❬➽❏✤◆P❏④❨✗▲✌❑❉❘■❍❉❏✌▲✍❑❉❘■❍
✵✹❄
✏✌◗❙▼■▲✌❑⑩●❭❬❪❍⑩❏✌▼■▲✌❍❉②❙❱❲▲
➷
➾✩◗❙❘■❍✕▲✼✿❃●■❯❲❱❲❳❖❘■▲✌❍✕➳✌▲☎❍❉❏✌❑❉❘■❯♥◆✰❬➪◆✕▲✤◆✔❘❃◆P❱❲❯❲❱♥❑❉▲✌❍➽❯❲▲✑❨✗◗❞③■➼✌❯❲▲✔➱❩◗❙❯❲❘■❨✗❱❲❳❖❘■▲
❼
❱❲❯❥▲✌❑✿◆✗▼■❏✌➳✌▲✌❑❉❑✰❬➪❱❲❍❉▲☎③■▲
➳✌◗❙▼■❑❉❱❲③■❏✌❍❉▲✌❍➽❯➵❬✉●■❍❉❏✌❑❉▲✌▼■➳✌▲☎③■▲✑③■▲✌❘❀✿ ◆
➻
●❢▲✌❑✕③■▲✑③■❏✴✽Ù❬❪❘❃◆P❑✕❱❲▼■❱♥◆P❱❲❬➪◆P▲✌❘■❍❉❑✪③■❘ ➳✌❯➵❬❪❳❖❘❭❬❪②❙▲
❼
❬
➻
❬❪▼❩◆
③■▲✌❑✕❑❉▲✌❘■❱❲❯❲❑➽▲✤◆✕③■▲✌❑✕③■▲✌▼■❑❉❱♥◆P❏✌❑✕❑❉●❢❏✌➳✌❱❂✳❭❳❖❘■▲✌❑
➷⑨⑦
◗❙❨✗❨✗▲✑◗❙▼ ●✇▲✌❘❃◆✗❯❲▲✭➱❙◗❙❱❲❍➺❑❉❘■❍✕❯➵❬ ✳❭②❙❘■❍❉▲
❼
❘■▼
❚❢◗❙▼ ❬❪➳✌➳✌◗❙❍❉③➧◆P➚■❏✌◗❙❍❉❱❲▲✤✻➪▲✼✿❃●❢❏✌❍❉❱❲▲✤▼■➳✌▲✑▲✌❑✿◆➽◆P❍❉◗❙❘❃➱❙❏✑●❢◗❙❘■❍➺❯♥▲✌❑➺③■▲✌▼■❑❉❱♥◆P❏✌❑➽▲✤◆➽❑❉▲✌❘■❱❲❯❲❑➺③■▲✭③■❏✴✽Ù❬❪❘❃◆P❑
❑❉❘■❱♥➱❪❬❪▼❩◆P❑④➸
d1 = 70 de´fauts/mm
3 ; T = 25 J/cm2
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d2 = 4.10
4 de´fauts/mm3 ; T = 165J/cm2
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✜✣③✘✜✣✕✘✫✲❅t✹✘✕✘✫✷✙✚✕✘✱❱❝④✬✭✛✢✗✚✥✢✱✚✕✘✱✚✵✶✫✯✙✴✳ ✛✢✗✚✙✚✕❂✕❭★✷✫✶✕✘✱✚✬✭✕❂✬✭✕✘✱✚✵✲ ✦✁✚✫✶✛✢✵
❃
★✽✸✭✛✢✗②✹●⑤✖ ✦✗✚✥✢✕✘✵✽ ✦✸✍★
❃
✱✚✸✭✫✶❤✩✱✚✕
✬❫ ❍✮✦ ✦✬✭✕✘✱✚✵❂✙✚✱♣✫✶✕✘✱✚✸✭✬✟✕✘✫❬★✣✙✚✸✍⑥❑✻❭✵✽✕❭✗✩★✽✕
☛❳❡
✕✘✹✘✸✉❋❳ ✦✫✶✫✶✛❱✹✘✸✭✻✔❅②✬❫ ❜✫✶✸✭✜✣✸✭✬✍✸⑦★✽✱✚✙✚✕t✙✚✕✘✫✧✜✣✛✢✵
❃
⑤✚✛✢✬✭✛✢✥✢✸✍✕✘✫
✙✴✳ ✕✘✗✚✙✚✛✢✜✣✜✤ ✦✥✢✕✘✜✣✕✘✗✰★✼✛✢✁✚✫✶✕✘✵❬✮✢✻✘✕✘✫✧✾✝❴✖✥✢✱✚✵✶✕
✠☞☛✍✌❈⑧
◆⑨❋✖✫✶✱✚✥✢✥✢q✘✵✶✕✒✙✚✕✘✫❆✜✧✻✘✹❨ ✦✗✚✸✭✫✶✜✣✕✘✫✪✙✴✳ ✕✘✗✚✙✚✛✢✜✣✜✤ ✏❁
✥✢✕✘✜✣✕✘✗✰★✼✫✶✸✭✜✣✸✍✬❫ ▼✸✍✵✶✕✘✫
☛
✎✦❵
  ✞✁  ✞ ✁☎✄✠✄✖✆ ✑
 
✁✏ ✒✑☛✡ ✒ ✁ ✏✄✂ ☛✂✏✒✄ ☛   ✕ ✁✏  ☛ ✡ ✄✏ ✒✑☛✍ ✏✒✞☞☛
❬
✵
ω
❊
❚
✵ ✦
ω
❊
➳
✵✖✩
ω
❊
✂
Þß❰☎✄
✩❃➷
✥
✶
✆
❂
▼■③■◗❙❨✗❨✔❬❪②❙▲✌❨✗▲✌▼❩◆P❑✠③❭❬❪▼■❑④❯❲▲✪➱❙◗❙❯❲❘■❨✗▲➺③
❺
❘■▼✚➱❙▲✌❍❉❍❉▲✕③■▲➽❑❉❱❲❯❲❱❲➳✌▲
❼
✁
③■❱❂❁➭❏✌❍❉▲✌▼❩◆P▲✌❑
❯❲◗❙▼■②❙❘■▲✌❘■❍❉❑✠③
❺
◗❙▼■③■▲✌❑✏✘➨❬✉➸ λ = 1064nm
❼
Φ = 12µm ✘➭❚ ➸ λ = 532nm
❼
Φ = 6µm ✘❢➳✑➸
λ = 355nm
❼
Φ = 6µm
⑦
▲✤◆❉◆P▲✠③■❏✌➳✌❍❉◗❙❱❲❑❉❑P❬❪▼■➳✌▲✠③■❘✭❑❉▲✌❘■❱❲❯❢③
❺
▲✌▼■③■◗❙❨✗❨✔❬❪②❙▲✌❨✗▲✌▼❩◆❥❬Ü➱❙▲✌➳✠❯➵❬④❯❲◗❙▼■②❙❘■▲✌❘■❍⑨③
❺
◗❙▼■③■▲✹▲✌❑✿◆❥▲✌▼
❬❪➳✌➳✌◗❙❍❉③✉❬Ü➱❙▲✌➳✍❯❲▲✌❑⑩◆P➚■❏✌◗❙❍❉❱❲▲✌❑⑩③
❺
❬❪❚■❑❉◗❙❍❉●❃◆P❱❲◗❙▼☎❨➺❘■❯♥◆P❱❲●■➚■◗❪◆P◗❙▼■❱♥❳❖❘■▲✦❳❖❘■❱❇❑❉◗❙▼❖◆✽❑❉❘■●■●❢◗❙❑❉❏✌▲✌❑
✏
◆P❍❉▲✍❯❲▲
❨✗❏✌➳Ü❬❪▼■❱❲❑❉❨✗▲✔③
❺
▲✌▼■③■◗❙❨✗❨✔❬❪②❙▲✌❨✗▲✌▼❩◆➺③■◗❙❨✗❱❲▼❭❬❪▼❩◆✪●❢◗❙❘■❍➺❯❲▲✌❑➺❯❲◗❪▼■②❙❘■▲✌❘■❍❉❑➺③
❺
◗❙▼■③■▲✌❑➽❱❲▼●✽✷❏✌❍❉❱❲▲✌❘■❍❉▲✌❑
❬❪❘✂❨✗❱❲➳✌❍❉◗❙▼ ✟
✥
✵❞❼
✥
★
✡
➷
✛✆✙✎✍✶✙✁  ✞ ✟✶✣ ✝ ✵✚✸✮✱☛✰ ✒✩✱☛✰✲✰ ✟✶✷ ✰ ✭ ✣✦✵☞✭✯✰
❅
▲⑨➳Ü❬❪❑á③■▲✤❑✘❑❉❘■❍ ✽Ù❬❪➳✌▲✌❑á▲✌❑✿◆✘●■❯❲❘■❑✩➳✌◗❙❨✗●■❯❲▲✼✿❃▲
✁
❬❪▼❭❬❪❯
➻
❑❉▲✌❍
❼
③■❘ ✽Ù❬❪❱♥◆✩③■▲✳❯➵❬⑩●■❍❉❏✌❑❉▲✌▼■➳✌▲①●✇◗❙❑❉❑❉❱❲❚■❯❲▲
③■▲✦➳✌◗❙▼❩◆✰❬❪❨✗❱❲▼❭❬❪▼❩◆P❑⑨●■❍❉◗❜➱❙▲✌▼❭❬❪▼❩◆⑩③■❘✑●❢◗❙❯❲❱❲❑❉❑P❬❪②❙▲
❼
③■❘✂▼■▲✤◆❉◆P◗
➻
❬❪②❙▲
➷Ü➷✌➷✰✾
❬❪❱❲❑①➳
❺
▲✌❑✿◆⑩❏✌②❩❬❪❯❲▲✌❨✗▲✌▼❩◆①❯❲▲
➳Ü❬❪❑✪❯❲▲✕●■❯❲❘■❑✍❱❲▼❩◆P❏✌❍❉▲✌❑❉❑P❬❪▼❖◆
✁
◆P❍P❬❪❱♥◆P▲✌❍④●■❘■❱❲❑❉❳❖❘■▲✔➳
❺
▲✌❑✿◆➺❯➵❬✂❑❉❘■❍ ✽Ù❬❪➳✌▲✔③■▲✌❑✍➱❙▲✌❍❉❍❉▲✌❑➺❳❖❘■❱✴❯❲❱❲❨✗❱✛◆P▲➽❯➵❬
◆P▲✌▼❖❘■▲✪❬❪❘❆✷❭❘❀✿☎▲✤◆⑩▼■◗❙▼☎●❭❬❪❑⑩❯❲▲✠➱❙◗❙❯❲❘■❨✗▲
❼
➳✌◗❙❨✗❨✗▲✠▼■◗❙❘■❑✽❬❪❯❲❯❲◗❙▼■❑❥❯❲▲✠➱❩◗❙❱❲❍
➷
☞⑨❛❞❝➭❴✩❛✉❫❭❴ ✑✘❴✔✓ ☞❇❛❞➘✗➘Ü❴❇❵✬✤✻❫✞✝❙❛❞➘
❅
▲✌❑⑨③■❱❂❁➭❏✌❍❉▲✌▼❖◆P❑✳➱❙▲✌❍❉❍❉▲✌❑⑨◆P▲✌❑✿◆P❏✌❑①❬❪❘✔❯➵❬❪❚❢◗❙❍P❬➪◆P◗❙❱♥❍❉▲⑩●■❍❉❏✌❑❉▲✌▼❩◆P▲✌▼❩◆❥◆P◗❙❘■❑⑨❘■▼■▲✹▼■▲✤◆❉◆P▲✹③■❱❂❁➭❏✌❍❉▲✌▼■➳✌▲
③■▲➺◆P▲✌▼❖❘■▲✕❬❪❘ ✷❭❘❀✿✚▲✌▼❩◆P❍❉▲➽❯➵❬✔❑❉❘■❍ ✽Ù❬❪➳✌▲➽▲✝◆④❯❲▲✍➱❩◗❙❯❲❘■❨✗▲
➷❢✸
❯á❑❉▲✌❨➺❚■❯❲▲➺③■◗❙▼■➳➽❳❖❘■▲➽❯➵❬✔▼❭❬➪◆P❘■❍❉▲➺③■▲✌❑
③■❏✴✽Ù❬❪❘❃◆P❑⑩❱❲▼■❱♥◆P❱❲❬➪◆P▲✌❘■❍❉❑
✁
❯➵❬➺❑❉❘■❍ ✽Ù❬❪➳✌▲✍❑❉◗❙❱♥◆①③■❱❂❁➭❏✌❍❉▲✌▼❖◆P▲✦③■▲④➳✌▲✌❯❲❯❲▲✦③■▲✌❑✽③■❏✴✽Ù❬❪❘❃◆P❑⑩③■▲✦➱❙◗❙❯❲❘■❨✗▲
➷
❅
❬✕◆P▲✌▼❖❘■▲➺❬❪❘✑✷❭❘❀✿❽❏✤◆✰❬❪▼❖◆✹❯❲❱❲❏✌▲
✁
❯
❺
❏✤◆✰❬➪◆✽③■▲✪❑❉❘■❍ ✽Ù❬❪➳✌▲✪▲✤◆✠❬❪❘❀✿☎◆P❍P❬❪❱♥◆P▲✌❨✗▲✌▼❩◆P❑✽❑❉❘■❚■❱❲❑✽●❭❬❪❍✽➳✌▲✤◆❉◆P▲
❑❉❘■❍ ✽Ù❬❪➳✌▲
❼
❱❲❯❢▲✌❑✿◆⑩③■❱  ✗➳✌❱❲❯❲▲✹③■▲✠③■◗❙▼■▼■▲✌❍❥❘■▼■▲✹➱❪❬❪❯❲▲✌❘■❍⑨②❙❯❲◗❙❚❭❬❪❯❲▲✽③■❘✭❍✰❬➪●■●❢◗❙❍✿◆❥❑❉▲✌❘■❱❲❯➭❑❉❘■❍ ✽Ù❬❪➳✌▲✤✻➪❑❉▲✌❘■❱❲❯
➱❙◗❙❯❲❘■❨✗▲
➷✩❁
❘■❍✍❯❲▲✌❑✍③■❱❂❁➭❏✌❍❉▲✌▼❩◆P❑④➱❩▲✌❍❉❍❉▲✌❑✪❳❖❘■❱✴◗❙▼❖◆✍❏✤◆P❏✔❨✗▲✌❑❉❘■❍❉❏✌❑
❼
▼■◗❙❘■❑✪❬Ü➱❩◗❙▼■❑✍●■❘➏❍❉▲✌❯❲▲✤➱❙▲✌❍✪❘■▼
✽Ù❬❪➳✤◆P▲✌❘■❍
✦
✁
✩
▲✌▼❩◆P❍❉▲④❯❲▲✦❑❉▲✌❘■❱❲❯➨③■▲④❯➵❬➺❑❉❘■❍ ✽Ù❬❪➳✌▲✍▲✝◆✽③■❘✂➱❙◗❙❯❲❘■❨✗▲
✵
✳❭②❙❘■❍❉▲
✩❃➷✧✦❅❄❩❊✝➷
✶
❱❲▼■❑❉❱❭❯➵❬✦❑❉❱❲❯❲❱❲➳✌▲❥➱❙◗❙❯❲❘■❨✗❱❲❳❖❘■▲①❑❉❘■●■●❢◗❙❍✿◆P▲ 100J/cm2
❼
❬❪❯❲◗❙❍❉❑❄❳❖❘■▲✽❑P❬④◆P▲✌▼❖❘■▲✽▲✌▼✗❑❉❘■❍ ✽Ù❬❪➳✌▲✽▲✌❑✿◆
③■▲✪❯
❺
◗❙❍❉③■❍❉▲✍③■▲ 40J/cm2
❼
➳✌▲✪❳❖❘■❱✩③■❏✌❨✗◗❙▼❖◆P❍❉▲✍❳❖❘
❺
❱❲❯❇▲✼✿❃❱❲❑✿◆P▲✪③■▲✌❑✠❑❉❱♥◆P▲✌❑✹❱❲▼■❱♥◆P❱❲❬➪◆P▲✌❘■❍❉❑⑩●❭❬❪❍✿◆P❱❲➳✌❘
✼
❯❲❱❲▲✌❍❉❑①❬❪❘❀✿✂❑❉❘■❍ ✽Ù❬❪➳✌▲✌❑
➷
❷
◗❙❘■❑✕➳✌◗❙▼■❑✿◆✰❬➪◆P◗❙▼■❑✗●✇▲✌❘❈③■▲✂③■❱❂❁➭❏✌❍❉▲✌▼■➳✌▲✌❑✗▲✌▼❩◆P❍❉▲✂❯❲▲✌❑➽◆P▲✌▼❖❘■▲✌❑✭❬➪❘ ✷❭❘❀✿➢③■▲✌❑ ✽Ù❬❪➳✌▲✌❑✔❬Ü➱❪❬❪▼❩◆✗▲✤◆
❬❪❍❉❍❉❱❲➼✌❍❉▲
❼
➳✌◗❙▼❩◆P❍P❬❪❱❲❍❉▲✌❨✗▲✌▼❩◆
✁
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❬➪▼❖◆❄③■▲✌❑❄➳✌◗❙❨✗●❢◗❙❍✿◆P▲✌❨✗▲✌▼❩◆P❑✘③■❱❂❁➭❏✌❍❉▲✌▼❖◆P❑
✵✹❄
  ✞✁  ✞ ✁☎✄✠✄✖✆ ✑
 
✁✏ ✒✑☛✡ ✒ ✁ ✏✄✂ ☛✂✏✒✄ ☛   ✕ ✁✏  ☛ ✡ ✄✏ ✒✑☛✍ ✏✒✞☞☛
✵
✳❭②❙❘■❍❉▲
✩❃➷✧✦
✥
❊✝➷
✂
Þß❰☎✄
✩❃➷✧✦
✥ ✆
⑦
◗❙❘■❍❉❚❢▲✌❑①③■▲✠❑❉▲✌❘■❱❲❯❢❨✗▲✌❑❉❘■❍❉❏✌▲✌❑
✁
✥
❄✹✬❅★
▼■❨✥❑❉❘■❍❥❯➵❬✮✽Ù❬❪➳✌▲✦❬➹➱➪❬❪▼❩◆①③■▲✠③■▲✌❘❀✿✑❑❉❱❲❯❲❱❲➳✌▲✌❑
●❢◗❙❯❲❱❲▲✌❑①❬Ü➱❩▲✌➳④③■▲✌❑✽●■❍❉◗❖➳✌❏✌③■❏✌❑✽③■❱❂❁➭❏✌❍❉▲✌▼❖◆P❑
❂
▼✉▲✴❁➭▲✤◆
❼
❯➵❬✗➳✌◗❙❘■❍❉❚❢▲✪③■▲✪❑❉▲✌❘■❱❲❯✩③■❘☎➱❩▲✌❍❉❍❉▲✪❍❉❏✴✽✷❏✌❍❉▲✌▼■➳✌❏  ✤●❢◗❙❯❲❱❲❑❉❑P❬❪②❙▲
✥
 ④❯➵❬❪❱❲❑❉❑❉▲✪❬❪●■●❭❬❪❍P❬✖✕❲◆P❍❉▲
❘■▼■▲☎❑❉◗❙❍✿◆P▲☎③■▲❽③■❏✴✽Ù❬❪❘❃◆P❑✗➳✌❯➵❬❪❳❖❘❭❬❪▼❩◆✗➱❙▲✌❍❉❑ 50J/cm2
❼
❬❪❯❲◗❙❍❉❑✕❳❖❘■▲❽❑❉❘■❍✗❯➵❬✚➳✌◗❙❘■❍❉❚❢▲❽③■❘➢➱❙▲✌❍❉❍❉▲
❍❉❏✴✽✷❏✌❍❉▲✌▼■➳✌❏  ✤●❢◗❙❯♥❱❲❑❉❑✰❬➪②❙▲
✦
 
❼
❯➵❬➽❍❉❘■●❃◆P❘■❍❉▲✍③■▲✍●✇▲✌▼❖◆P▲✍◗❙❚■❑❉▲✌❍✿➱❙❏✌▲➺▲✌❑✿◆✹➳Ü❬❪❍P❬❪➳✤◆P❏✌❍❉❱❲❑✿◆P❱❲❳❖❘■▲④③■▲✍③■▲✌❘❀✿
◆
➻
●❢▲✌❑④③■▲➽③■❏✴✽Ù❬❪❘❃◆P❑➽➸☛❘■▼✫●■❍❉▲✌❨✗❱❲▲✌❍✹➳✌❯➵❬❪❳❖❘❭❬❪▼❖◆④❬❪❘❀✿✫❬❪❯❲▲✌▼❩◆P◗❙❘■❍❉❑ 60J/cm2
❼
▲✤◆④❘■▼✫③■▲✌❘❀✿❃❱❲➼✌❨✗▲
➳✌❯➵❬❪❳❖❘❭❬❪▼❩◆✽➱❙▲✌❍❉❑ 90J/cm2
➷➭❁
◗❙❘■❯❲❱❲②❙▼■◗❙▼■❑⑩❳❖❘■▲✪❯❲▲✦➱❩▲✌❍❉❍❉▲  ✤●✇◗❙❯❲❱❲❑❉❑P❬❪②❙▲
✦
 ④▲✌❑✿◆✹❘■▼❽➱❙▲✌❍❉❍❉▲➺❬
➻
❬❪▼❩◆
❑❉❘■❚■❱☛❘■▼✑●❢◗❙❯❲❱❲❑❉❑P❬❪②❙▲✹▲✌▼✭➱❞❘■▲✦③
❺
❬❪❨✗❏✌❯❲❱❲◗❙❍❉▲✌❍✳❯➵❬✍◆P▲✌▼❖❘■▲④❬❪❘✘✷❭❘❀✿
➷❭❷
◗❪❘■❑❥➱❙◗
➻
◗❙▼■❑①❱❲➳✌❱❢➳✌❯➵❬❪❱❲❍❉▲✌❨✗▲✌▼❩◆
❳❖❘■▲✉➳✌▲❽◆
➻
●❢▲✉③■▲❽●❢◗❙❯❲❱❲❑❉❑P❬❪②❙▲☎▲✌❑✿◆✑●✇▲✌❍ ✽✷◗❙❍❉❨✔❬❪▼❖◆✔●■❘■❱❲❑❉❳❖❘
❺
❱❲❯✹❬➬●❢▲✌❍❉❨✗❱❲❑✗③■▲✉②❩❬❪②❙▼■▲✌❍✔▲✌▼❩➱❞❱❲❍❉◗❙▼
10J/cm2 ❑❉❘■❍✴❯❲▲①❑❉▲✌❘■❱❲❯■❚❭❬❪❑
➷❖❅❄❺
❬❪▼❭❬❪❯
➻
❑❉▲⑩③■▲✌❑✴➳✌◗❙❘■❍❉❚❢▲✌❑✴③■▲⑩❑❉▲✌❘■❱❲❯❭▼■◗❙❘■❑✳❬✦●❢▲✤❍P❨✕❱❲❑❄③
❺
❱❲③■▲✌▼❩◆P❱❂✳❭▲✌❍
❯➵❬➽●■❍❉❏✌❑❉▲✌▼■➳✌▲✪③■▲④③■▲✌❘❀✿☎◆
➻
●❢▲✌❑✽③■▲④③■❏✴✽Ù❬❪❘❃◆P❑✽❑❉❘■❍✽➳✌▲✦➱❩▲✌❍❉❍❉▲
❼
③■◗❙▼❩◆✽❘■▼☎▲✌❑✿◆✽➱❞❍P❬❪❱❲❨✗▲✌▼❩◆⑩❯❲❱❲❨✗❱✛◆✰❬❪▼❩◆
●❢◗❙❘■❍✠❯➵❬✗◆P▲✌▼❖❘■▲✕❬❪❘ ✷❭❘❀✿
➷
➾á◗❙❘■❍✦❬❪❯❲❯❲▲✌❍✽●■❯❲❘■❑✠❯❲◗❙❱❲▼❽❱❲❯ ✽Ù❬❪❘■③■❍P❬❪❱♥◆✠③■◗❙▼■➳➽❬❪❨✗❏✌❯❲❱❲◗❪❍❉▲✌❍✹➳✌▲➺●■❍❉◗❞➳✌❏✌③■❏
③■▲ ✽Ù❬ ☎✌◗❙▼
✁
❍❉❏✌③■❘■❱❲❍❉▲⑩◗❙❘
✁
❏✌❯❲❱❲❨✗❱♥▼■▲✌❍❄❯❲▲⑩③■❏✴✽Ù❬❪❘❃◆⑨➳✌❯➵❬❪❳❖❘❭❬❪▼❩◆
✁
60J/cm2
❼
➳✌▲✽❳❖❘■❱❢●✇▲✌❍❉❨✗▲✤◆❉◆P❍P❬❪❱♥◆
③
❺
◗❙❚❃◆P▲✌▼■❱❲❍①❘■▼☎❑❉▲✌❘■❱❲❯➨③■▲ 90J/cm2
➷
❅❄❺
❬❪▼❭❬❪❯
➻
❑❉▲✪③■▲✌❑✹➳✌◗❙❘■❍❉❚❢▲✌❑✠③■▲✪❑❉▲✌❘■❱❲❯✩❨✗▲✌❑❉❘■❍❉❏✌▲✌❑✠❑❉❘■❍✹❯➵❬✗❑❉❘■❍ ✽Ù❬❪➳✌▲✪▲✤◆✠❯❲▲✌❘■❍✽➳✌◗❙❍❉❍❉❏✌❯➵❬➪◆P❱❲◗❙▼❽❬❪❘✉●❢◗
✼
❯❲❱❲❑❉❑P❬❪②❙▲④❬❪●■●❭❬❪❍P❬✖✕❲◆①③■◗❙▼■➳✦➱❞❍P❬❪❱❲❨✗▲✌▼❩◆⑩➳✌◗❙❨✗❨✗▲✦❘■▼■▲✦◆P▲✌➳✰➚■▼■❱❲❳❖❘■▲✍❱❲▼❖◆P❏✌❍❉▲✌❑❉❑P❬❪▼❩◆P▲✍●✇◗❙❘■❍⑩❯
❺
❬❪❨✗❏✌❯❲❱♥◗
✼
❍P❬➪◆P❱❲◗❙▼✑③■▲✌❑✽●■❍❉◗❖➳✌❏✌③■❏✌❑
❼
▲✤◆⑩❯
❺
◗❙❚❃◆P▲✌▼❖◆P❱❲◗❙▼✑③■▲④❨✗▲✌❱❲❯♥❯❲▲✌❘■❍❉▲✌❑⑨◆P▲✌▼❞❘■▲✌❑✹❬❪❘❆✷❭❘❀✿
➷
✛✆✙✎✍✶✙✜✛  ✄✵✚✰ ✱ ✒✩✱ ✒✩✥✚✹✶✹✩✫☛✱ ✒✩✱☛✰ ✭✯✱☛✹ ✟✩✱☛✰ ✵✆✟✁   ✄✟✁  ✒✩✱☛✰ ✒✩✪ ✄ ✫ ✣✦✱☛✹✑✭✯✰
✰ ✟✶✷ ✰ ✭ ✣✦✵☞✭✯✰
⑦
◗❙❨✗❨✗▲⑩▼■◗❙❘■❑✳❯
❺
❬Ü➱❙◗❙▼■❑✴③■❱♥◆✳●■❍❉❏✌➳✌❏✌③■▲✌❨✗❨✗▲✌▼❩◆
❼
❱❲❯❭▲✌❑✿◆⑨③■❱✁ ✗➳✌❱❲❯❲▲①③■▲⑩◆P❍❉◗❙❘❃➱❙▲✌❍✳③❭❬❪▼■❑✳❯➵❬✦❯❲❱♥◆❉◆P❏
✼
❍P❬➪◆P❘■❍❉▲✠③■▲✌❑⑩❚❭❬❪❑❉▲✌❑①③■▲✦③■◗❙▼■▼■❏✌▲✌❑⑩③■▲✠❯➵❬✍◆P▲✌▼❞❘■▲④❬❪❘✘✷❭❘❀✿✑③■▲✌❑⑩③■❱❂❁➭❏✌❍❉▲✌▼❩◆P❑①❨✔❬❜◆✰❏✤❍P❱❲❬❪❘❀✿
❼
❑❉❘■❍✿◆P◗❙❘❃◆
❑❉❱⑨❯
❺
◗❙▼➧❑❉◗❙❘■➚❭❬❪❱♥◆P▲✭❏✌②❩❬❪❯❲▲✌❨✕▲✌▼❖◆➺➳✌◗❙▼■▼❭❬✖✕❲◆P❍❉▲✔❯❲▲✌❑➺➳✌◗❙▼■③■❱♥◆P❱❲◗❪▼■❑✪●■❍❉❏✌➳✌❱❲❑❉▲✌❑➽③■▲✌❑➺◆P▲✌❑✿◆P❑
➷✘✸
❯⑨❑❉▲✌❨➺❚■❯❲▲
✵
✥
 ✂✁
✁☎✄ ✑   ✕✗✞   ✞✍✌ ✡ ✠☎✞✖✆ ✑ ☛ ✁✏ ✒✑☛✡ ✒✁  ✁☎✒✗✁☎✆✄✂✖☛ ✞ ✞✏  ✑ ✒   ✞✖✕ ✄✖✕✗✞✏ ✂✁✏ ✒✑✎✡ ✒ ✠☎✞☞☛
 
✡ ✏✒✕✗✄✝✞☞☛ ✠☎✞ ☛ ✞✘✏✟✑✔✆ ✠✔✓ ✞✠✒✏✠✑✡ ✌ ✌✎✁✕☞ ✞☞✌✍✞✠✒  
③■◗❙▼■➳➽❱❲❨✗●❢◗❙❍✿◆✰❬❪▼❩◆✦③■▲✸✽Ù❬❪❱❲❍❉▲➺❱❲➳✌❱á❘■▼➬❚■❱❲❯➵❬❪▼✉③■▲➽◆P◗❙❘❃◆P▲✌❑✦❯❲▲✌❑✦③■◗❙▼■▼■❏✌▲✌❑✪❬❪➳✌❳❖❘■❱❲❑❉▲✌❑✍❬❪❘✫➳✌◗❙❘■❍❉❑✦③■▲
➳✌▲✤◆❉◆P▲✦◆P➚■➼✌❑❉▲
➷❢❅❄❺
▲✌▼■❑❉▲✌❨➺❚■❯❲▲④③■▲④➳✌▲✌❑⑩③■◗❙▼■▼■❏✌▲✌❑✽▲✌❑✿◆✽③■◗❙▼■➳④➳✌◗❙▼■❑❉❱❲②❙▼■❏④③❭❬❪▼■❑⑩❯❲▲✹◆✰❬❪❚■❯❲▲Ü❬❪❘
✩❃➷ ✩❃❼
❯❲▲✌❑
➳✌◗❙▼■③■❱♥◆P❱❲◗❙▼■❑❥③■▲④◆P▲✌❑✿◆✽❏✤◆✰❬❪▼❩◆✽➳✌▲✌❯❲❯❲▲✌❑①③■❏✌➳✌❍❉❱♥◆P▲✌❑⑩③❭❬❪▼■❑⑩❯➵❬➺●❭❬❪❍✿◆P❱❲▲
✦❞➷
✾
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◗❙▼✉❨✗❱❲➳✌❍❉◗❙❨✕❏✤◆P❍❉❱❲❳❖❘■▲
✵
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❑P❬❪▼■➳✌▲ 100mW/µm2
❊✝❼
❯❲▲✌❑✭❬❪❚■❑❉◗❙❍❉●❃◆P❱❲◗❙▼■❑✭③■▲✌❑✑●❭❬❪❍✿◆P❱❲➳✌❘■❯❲▲✌❑✔❨✗❏✤◆✰❬❪❯❲❯❲❱♥❳❖❘■▲✌❑✔❍❉▲✌❑✿◆P▲✌▼❖◆✂❱♥❨✗●❢◗❙❍
✼
◆✰❬❪▼❩◆P▲✌❑
➷❞⑤
❬❪▼■❑✳❯❲▲⑩➳Ü❬❪❑✳③
❺
❘■▼✔③■❏✴✽Ù❬❪❘❃◆✳▼❭❬❪▼■◗❙❨✗❏✤◆P❍❉❱❲❳❖❘■▲
❼
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10−5
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10−13   ●❢◗❪❘■❍
❼
➳✌▲④❳❖❘■❱❇❯❲▲✌❑①❍❉▲✌▼■③☎❱❲▼■③■❏✤◆P▲✌➳✤◆✰❬❪❚■❯❲▲✌❑
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✥
✦❅✬
  ✞✁  ✞ ✁☎✄✠✄✖✆ ✑
 
✁✏ ✒✑☛✡ ✒   ✆ ✁ ☎ ✁✏✑ ☛ ✁☎✄ ✑✔✆ ✑   ✂ ✠✔✓ ✏ ✒✏✞ ✠✄✂✏  ✞
 
 ✒✑☛✡ ✒ ✄ ✁☎✕ ✆✟✞☞☛
✌ ✂✏ 
✁
✡ ✠☎✞☞☛ ✄
✁
✡  
✁
✞✖✕✏✌✎✑☛✍ ✏✒✞☞☛
❀
❬
➻
◗❙▼ 1µm
✥
❄✹❄
▼■❨
✥
❄
▼■❨
✥
▼■❨
100mW/mm2 8.10−6W 8.10−9W 8.10−12W 8.10−15W
100mW/µm2
✵
  8.10−3W 8.10−6W 8.10−9W
 
Ó ✁ ✄
✺❞➷
✥ ✆
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➻
◗❙▼✂➱➪❬❪❍❉❱➵❬❪▼❖◆①▲✌▼❩◆P❍❉▲④❯❲▲✦❨✗❱
✼
➳✌❍❉◗❙❨✗➼✤◆P❍❉▲✹▲✤◆⑨❯❲▲✹▼❭❬❪▼■◗❙❨✗➼✤◆P❍❉▲
❼
●❢◗❙❘■❍
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▲✌▼❇✽✷◗❙▼■➳✤◆P❱❲◗❙▼✑③■▲④❯❲▲✌❘■❍①❍P❬
➻
◗❙▼
➷
✶
❱❲▼■❑❉❱❭●✇◗❙❘■❍✴❘■▼■▲✽③■▲✌▼■❑❉❱♥◆P❏⑩③■▲⑩●■❘■❱❲❑❉❑P❬❪▼■➳✌▲✽③■▲ 100mW/mm2
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➾✘❬❪❍④➳✌◗❙▼❖◆P❍❉▲
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∆T (ρ, t)− 1
a
∂T (ρ, t)
∂t
= −S(ρ, t)
b
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ρ < R : ∆T1(ρ, t)− 1
a1
∂T1(ρ, t)
∂t
= −S0
b1
exp
(
− t
2
τ 2
)
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ρ > R : ∆T2(ρ, t)− 1
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∂T2(ρ, t)
∂t
= 0
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T1(R, t) = T2(R, t)
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b1
∂T1
∂ρ
)
R
= b2
∂T2
∂ρ
)
R
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∆T̂1(ρ,Ω) + α
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S0
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piτexp
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∆T̂2(ρ,Ω) + α
2
2T̂2 = 0
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2piΩ
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T (Ω) = T [cos(Ωt+ ϕ)]
= ℜe (Te−jϕe−jΩt)
= ℜe
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T˙ e−jϕ
)
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√
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√
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pT̂0 − a0∂
2T̂0
∂z2
= 0 ❬❪❱❲❍
✵✖✬❃➷✧✦
✱
❊
pT̂1 − a1∂
2T̂1
∂z2
=
a1
b1
S0
p
exp(−γz) ➳✌◗❙❘■➳✰➚■▲ ✵✖✬❃➷✧✦❅✵❩❊
pT̂2 − a2∂
2T̂2
∂z2
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T̂0(z, p) = T
−
0 (p)e
(−jα0(p)z) ✵✖✬❃➷ ✩✹❄❩❊
T̂1(z, p) = T
+
1 (p)e
(jα0(p)z) + T−1 (p)e
(−jα0(p)z) +
a1
b1
Ŝ(z, p) ∗ g(z, p) ✵✖✬❃➷ ✩ ✥ ❊
T̂2(z, p) = T
+
2 (p)e
(jα2(p)z)
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√
p
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➸
a1
b1
Ŝ ∗ g =
√
a1
2b1
√
p
∫ +∞
0
Ŝ(z′, p)e
−
√
p
a1
|z−z′|
dz′
✵✖✬❃➷ ✩✹✩❩❊
=
√
a1
2b1
√
p
S0
p
∫ e
0
eγz
′
e
−
√
p
a1
|z−z′|
dz′
✵✖✬❃➷ ✩❅★❖❊
=
√
a1
2b1
√
p
S0
p
[
ejα1z − e−γz
γ + jα1
+
e−γz − e−jα1z−γe+jα1e
γ − jα1
]
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✦❞➷ ✵
✥
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✟
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✥
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❯➵❬➺◆P▲✌❨✗●✇❏✌❍P❬➪◆P❘■❍❉▲④③■▲ ✽✷❘■❑❉❱❲◗❙▼
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0 < z < 200nm
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◆P❱❲❯❲❯♥◗❙▼✫❬Ü➱❙▲✌➳✗❘■▼■▲✕◆✰❬❪❱❲❯♥❯♥▲➽③■▲✕❑❉●✇◗❪◆✪③■▲ 25µm
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▲✕③■▲✌❘❀✿❃❱❲➼✌❨✗▲✕❯➵❬❪❑❉▲✌❍✦▲✌❑✿◆✪❘■▼
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➳✌◗❙▼❖◆P❱❲▼❖❘
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✚✗❃✳✭✴✫
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✜✤✜✤❅✢✚ ❄
✮ ✸
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✥✤✥✤❅✢✚ ❃
▲✄✂✆☎◆▼
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